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1  | INTRODUC TION
Plant–herbivore interactions are critical building blocks of terres‐
trial food webs, where plant species comprise ~20% and herbivo‐
rous insects ~25% of known non‐microbial terrestrial biodiversity 
(Price, 2002). Ascertaining plant–herbivore network composition 
is challenging as it requires identification of both species and diet 
interactions (Novotny & Basset, 2005). Moreover, recent efforts 
have only begun to examine how habitat and climatic conditions 
shape network structural properties (Dalsgaard et al., 2013; López‐
Carretero, Díaz‐Castelazo, Boege, & Rico‐Gray, 2014; Rezende, 
Albert, Fortuna, & Bascompte, 2009; Welti & Joern, 2015).
Structural properties of networks such as modularity and gen‐
erality of species interactions (diet breadth) provide insight into 
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Abstract
1. Species interactions are integral to ecological community function, and the struc‐
ture of species interactions has repercussions for the consequences of species 
extinctions. Few studies have examined the role of environmental factors in con‐
trolling species interaction networks across time.
2. We examined variation in plant–grasshopper network structural properties in re‐
sponse to three major grassland drivers: periodic fire, ungulate grazing and 
climate.
3. We sequenced a plant barcoding gene from extracted grasshopper gut contents 
to characterize diets of 26 grasshopper species. Resulting grasshopper species’ 
diets were combined with long‐term plant and grasshopper surveys to assemble 
plant–grasshopper networks across 13–19 years for six watersheds subjected to 
varying fire and grazing treatments.
4. Network modularity, generality and predicted grasshopper community robust‐
ness to plant species loss all increased in grazed watersheds. Temperature de‐
creased predicted grasshopper community robustness to plant species loss.
5. Grasshopper communities were found to be vulnerable to climatic warming due to 
host plant loss. However, intermediate disturbance from ungulate grazers may 
maintain grasshopper diversity and buffer community robustness to species loss. 
Our results suggest that climate and disturbance shape the structure of ecological 
interaction networks and thus have many indirect effects on species persistence 
though direct effects on interaction partners.
K E Y W O R D S
Acrididae, community ecology, ecological networks, generalism, grasslands, herbivory, 
modularity, robustness
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ecological resilience. A modular species interaction structure results 
when species interact primarily within sub‐modules or groups of 
highly connected species (Montoya, Pimm, & Sole, 2006; Rezende 
et al., 2009; Thébault & Fontaine, 2010). Modularity decreases ex‐
tinction risk by limiting the spread of perturbation due to species 
loss outside of a specific subgroup. Modularity reduces competi‐
tion among species (Rezende et al., 2009) and decreases sensitivity 
to fluctuation of inter‐module species (Montoya et al., 2006). The 
degree of herbivore diet generalism is also predicted to buffer her‐
bivores against plant species loss. As generalist herbivore species 
can use alternate plant hosts, they should be less susceptible to 
fluctuations in resource availability (López‐Carretero et al., 2014). 
Additionally, robustness to extinction of an ecological community 
can be predicted through extinction simulation models (Memmott, 
Waser, & Price, 2004). For example, use of these models can quan‐
tify the tolerance of the herbivore community to plant species loss 
(Burgos et al., 2007).
Here, we examine changes in plant–grasshopper networks in a 
Kansas tallgrass prairie, an ecosystem shaped by exposure to peri‐
odic fire, grazing and climate variability. In this system, fire and graz‐
ing regimes are known to modify grasshopper communities directly 
(Jonas & Joern, 2007) and indirectly through their effects on plants 
(Hartnett, Hickman, & Fischer‐Walter, 1996). Preferential grazing on 
grasses by bison reduces the competitive pressures on forbs (Towne, 
Hartnett, & Cochran, 2005), increases overall plant species diver‐
sity and increases grasshopper diversity in response to changes to 
plant community composition (Joern & Laws, 2013). Increases in 
fire frequency indirectly affect grasshopper communities by re‐
moving accumulated plant litter, altering the soil and near surface 
environment, facilitating fire‐tolerant plant species and enhancing 
dominance of several species of warm‐season grasses, thus modi‐
fying host plant availability for the grasshopper community by de‐
creasing available plant diversity. Fire events produce concentrated 
but transient pulses of nutrients (e.g. P and cations) and long‐term 
reductions in others (e.g. N) (Blair, 1997). Additionally, fire increases 
primary production in the absence of grazing (Collins & Steinauer, 
1998). Consequently, some grasshopper species are highly respon‐
sive to variation in historical fire frequency (Joern, 2005).
Long‐term data facilitate observational examination of the ef‐
fects of climate on ecological communities. Annual variation in pre‐
cipitation and temperature directly affects grasshopper physiology 
and indirectly affects grasshopper populations through effects 
on host plants, predators and pathogens (Jonas & Joern, 2007). 
Increases in precipitation generally increase host plant quantity and 
species richness, but can reduce plant nutritional quality (Cleland et 
al., 2013; Mopper & Whitham, 1992). While the effects of drought 
stress on host plants can increase grasshopper growth and repro‐
ductive success for individual species (Franzke & Reinhold, 2011), 
more extreme drought can reduce grasshopper species richness 
(Lenhart, Eubanks, & Behmer, 2015). Fungal pathogens can have 
major impacts on grasshopper populations (Kistner & Belovsky, 
2016), and these pathogens often increase in wetter years (Brust, 
Hoback, & Wright, 2007). Temperature can likewise alter host plant 
quality and quantity and directly affect grasshopper developmental 
rates (Carter, Macrae, Logan, & Holtzer, 1998; Mukerji & Randell, 
1975). In sum, the effects of climate on grasshopper populations and 
communities are many, and understanding these dynamics requires 
long‐term observation.
Here, we couple DNA barcoding of gut contents of 26 coexist‐
ing grasshopper (Acrididae) species with long‐term grasshopper and 
plant datasets from a Kansas tallgrass prairie, to assemble putative 
plant–grasshopper networks across 13–19 years. We calculated 
plant–grasshopper interaction weights for each interaction for each 
watershed and year using (a) proportion of plant species in grasshop‐
per species diets, (b) grasshopper species frequency and (c) mean 
plant species cover. We then compared plant–grasshopper networks 
across watersheds subjected to different fire and grazing treatments 
to characterize effects of these grassland disturbances on plant–
grasshopper network structural properties.
We predicted that through enhanced habitat heterogeneity, nu‐
trient availability and plant species diversity, ungulate (bison) graz‐
ing would lead to shifts in plant–grasshopper interaction structure. 
Predicted shifts in network structure due to the presence of grazers 
include the following: (a) increased modularity, through increases in 
plant species richness allowing the addition of plant–grasshopper 
network modules, especially increases in forbs due to bison grazing 
and thus increases in forb‐feeding grasshoppers (Hickman, Hartnett, 
Cochran, & Owensby, 2004); (b) increased grasshopper feeding gen‐
erality due to increased plant species richness supporting greater 
abundance of grasshopper species with a wider diet breadth 
(Bernays, Bright, Gonzalez, & Angel, 1994; Unsicker et al., 2010); 
and (c) increased grasshopper community robustness to local plant 
species loss due to increased plant species redundancy in grasshop‐
per diets. Because of its negative effect on plant species diversity, 
we expected increased fire frequency to decrease the modularity, 
generality and robustness of plant–herbivore networks, especially in 
the absence of grazers. Increases in annual precipitation could either 
increase modularity, generality and robustness by increasing host 
plant availability or decrease these network structural properties 
by decreasing food quality or decreasing grasshopper abundance 
due to negative effects of grasshopper fungal pathogens. Increase 
in mean annual temperature was predicted to decrease modularity, 
generality and robustness as higher temperatures stress both plant 
and grasshopper communities.
2  | MATERIAL S AND METHODS
2.1 | Overview
To assess the influence of fire, grazing and climate on plant–grass‐
hopper network structure, we merged our snapshot dataset of 
grasshopper diets with two long‐term datasets to assemble model 
networks. Specifically, we used 13–19 years of plant and grasshop‐
per monitoring data collected in watersheds subjected to different 
treatments of fire (three frequencies) and bison grazing (present, 
excluded) to determine abundance and identify of participants in 
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plant–grasshopper networks. These datasets were combined with 
grasshopper diet data, estimated from DNA barcoding, to identify 
likely feeding interactions across time and space.
2.2 | Site description
Grasshopper and plant data were collected at Konza Prairie Biological 
Station (KPBS), a 3,487 ha native tallgrass prairie in NE Kansas, USA. 
KPBS had a mean annual precipitation of 835 mm and a mean annual 
temperature of 12.9°C over the period of this study (1996–2014). 
Beginning in 1977, a landscape‐level fire‐frequency experiment has 
been conducted at KPBS, with individual watersheds subjected to 
fire‐frequency treatments of 1, 2, 4 or 20 years. In 1987, bison were 
reintroduced to a portion of KPBS. The current herd of ~280 ani‐
mals has free access to 10 watersheds (~1,000 ha), encompassing an 
area containing watersheds subjected to replicated fire‐frequency 
treatments.
2.3 | Konza LTER datasets
Long‐term grasshopper and plant community composition data‐
sets from selected KPBS watersheds were collected as part of the 
National Science Foundation Long‐Term Ecological Research (NSF 
LTER) programme. Datasets and detailed information on sampling 
protocols are available on the KPBS LTER website: http://lter.
konza.ksu.edu/data‐explorer‐dashboard (grasshopper dataset code: 
CGR02; plant dataset code: PVC02). Six watersheds included in both 
datasets and consisting of a crossed experimental design of bison 
grazing (three watersheds grazed by bison and three non‐grazed wa‐
tersheds) and fire frequency (two watersheds of each with fire re‐
turn intervals of 1, 4 and 20 years) were selected for analysis in this 
study (watershed codes: 1D, 4B, 20B, N1B, N4D and N20B).
Data from 1996 to 2014 (19 years) were analysed for the three 
non‐grazed watersheds. Grasshopper sampling on grazed water‐
sheds did not begin until 2002; data from 2002 to 2014 (13 years) 
were analysed for the three grazed watersheds. Briefly, grasshop‐
pers for the KPBS long‐term grasshopper dataset were sampled 
using sweep nets twice per year in midsummer at two locations per 
watershed. At each location and date, ten samples were taken, each 
sample consisting of 20 sweeps (40 samples/watershed/year and 
800 sweeps/watershed/year). The frequency of each grasshopper 
species was calculated as the proportion of the 40 samples in which 
the grasshopper species was collected.
Long‐term plant composition at KPBS was sampled across eight 
50 m transects/watershed, each consisting of five 10‐m2 plots. For 
each plant species present in each plot, a per cent cover category 
of 0%–1%, 2%–5%, 5%–25%, 25%–50%, 50%–75%, 75%–95% or 
95%–100% was recorded. We used the median of each selected 
range for each species in each plot (Ratajczak, Nippert, & Ocheltree, 
2014) and averaged across plots within a watershed and year to es‐
timate mean per cent cover of each plant species/watershed/year. 
For plant species identified from DNA extracted from grasshopper 
gut content to only the genus level, all plant species within the genus 
were averaged.
Precipitation and temperature data were collected from the KPBS 
meteorological station and archived by the Climate and Hydrology 
Database Project with support from the NSF LTER and USDA Forest 
Service (http://climhy.lternet.edu/). A state‐level index of drought 
conditions, the Palmer Drought Severity Index (PDO), was down‐
loaded from the National Climate Data Center climate monitoring 
website (https://www.ncdc.noaa.gov/cag/time‐series/us).
2.4 | Establishing grasshopper diets
Grasshoppers used for diet analyses were collected with sweep 
nets as encountered in all watersheds across KPBS in August 2014, 
aiming for a collection across a wide distribution of habitat types 
within each species. We attempted to collect 20 individuals (10 adult 
males and 10 adult females) of each grasshopper species present; 
however, samples sizes were smaller for uncommon species (total 
grasshopper individuals = 452; see Table S1, Supporting Information 
for number of individuals sampled per species). Twenty‐nine species 
of grasshopper were collected, and we were able to extract, amplify 
and sequence gut content DNA from 26 species. With the exception 
of one relatively common grass‐feeding grasshopper (Mermiria bivit‐
tata) from which we were unable to extract DNA, these 26 species 
comprise the majority of the egg‐overwintering grasshopper species 
at KPBS.
2.5 | DNA extraction, PCR and Illumina 
MiSeq sequencing
To characterize grasshopper diets, plant DNA was extracted 
from the dissected crop of each individual grasshopper using 
the DNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to 
manufacturer's protocol, quantified with a NanoDrop ND2000 
Spectrophotometer (Thermo Scientific, Wilmington, Delaware, 
USA) and templates standardized to 2 ng/µl. PCR was performed 
with primers targeting the ~600 bp chloroplast trnL intron (for‐
ward primer: CGAAATCGGTAGACGCTACG; reverse primer: 
GGGGATAGAGGGACTTGAAC12bp_tag) (Avanesyan, 2014; Taberlet, 
Gielly, Pautou, & Bouvet, 1991). Reverse primers were synthesized 
with	unique	12	bp	3′	tags	(Table	S1,	Supporting	Information)	to	fa‐
cilitate multiplex sequencing and identification of samples originat‐
ing from the 26 grasshopper species. Each sample was amplified in 
a 25 μl reaction consisting of 1 μM of forward and reverse primers, 
10 ng of template DNA, 200 μM of dNTPs, 1 μM of MgCl2, 0.5 units 
of proofreading Phusion Green Hot Start II High‐Fidelity DNA 
Polymerase (Thermo Scientific, Wilmington, Delaware, USA) and 
5 μl of 5X Green HF PCR Buffer (Thermo Scientific). PCR thermal 
cycler parameters followed Taberlet et al. (1991). Briefly, PCR condi‐
tions were 98°C for 5 min, followed by 35 cycles with denaturation 
at 94°C for 1 min, annealing at 50°C for 30 s, extension at 72°C for 
1 min, with final extension at 72°C for 10 min. Negative controls 
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were performed where template DNA was withheld and none pro‐
duced amplicons.
To clean up PCR amplicons and remove residual PCR primers, 
we used ExoSAP‐IT (Thermo Scientific) followed by the Agencourt 
AmPure SPRI system (1:1 ratio of bead solution to PCR volume). 
Purified PCR products were visualized on a 1.5% agarose (w/v) gel to 
ensure successful amplification. Amplicon DNA concentration from 
each grasshopper species was measured and pooled (300 ng per 
species). The amplicon libraries were paired‐end sequenced using 
the MiSeq Personal Sequencing System 600‐Cycle Kit (Illumina, San 
Diego) at the Kansas State University Integrated Genomics facility.
2.6 | Bioinformatics
Sequencing data were processed and assembled into contigs using 
mothur (version 1.33.3; Schloss et al. 2009). Sequences were re‐
moved using mothur (version 1.33.3) based on the following criteria: 
(a) containment of any ambiguous bases, (b) more than two mis‐
matches	to	the	primers,	(c)	any	mismatches	to	unique	12	bp	3′	tags,	
(d) homopolymers longer than 8 bp, (e) were <250 bp in length, (f) 
any containing chimeric properties as determined using the UCHIME 
algorithm (Edgar, 2010) and (g) any without a minimum overlap of 
50 bp. This yielded 1,067,005 sequences. Sequences were then 
clustered as operational taxonomic units (OTUs) based on a 97% 
similarity using nearest neighbour joining that conservatively assigns 
sequences to OTUs. Raw sequence reads have been submitted to 
NCBI Short Read Archive.
To identify the assembled sequences from each grasshopper spe‐
cies to plant taxa, the chloroplast trnL gene for all species belong to 
plant genera found at KPBS (for list of KPBS plants, we used Towne, 
2002) was downloaded from GenBank (31,765 sequences, defined as 
the trnL database). Assembled sequences were compared to the trnL 
database with the BLASTN tool of BLAST v2.2.31 (Altschul, Gish, 
Miller, Myers, & Lipman, 1990). The best BLAST hit of each sequence 
was used for plant identification (e‐value <10−20). Sequences from gut 
contents matched 47 plants at the species level and 19 at the genus 
level. Only plants with >5 sequence matches per grasshopper species 
were used to assemble plant–grasshopper networks.
2.7 | Interaction weights
Interaction weights were calculated to assign a quantitative value 
to the importance of each feeding interaction for a given grasshop‐
per species and plant species/watershed/year (modified from Welti, 
Helzer, & Joern, 2017). Interaction weights for each plant species or 
genus (i) and grasshopper species ( j) interaction within each water‐
shed (w) and year (y) were calculated as follows:
where S is the number of sequences of the plant taxa (i) se‐
quenced from the grasshopper species ( j)’s gut contents, T is the 
total number of sequences from that grasshopper species ( j)’s gut 
contents (S/T is the estimated proportion of a grasshopper species 
( j)’s diet comprised by a given plant (i)), P is the mean per cent plant 
cover of plant taxa (i) from plant sampling within each watershed (w) 
and year (y), and G is the frequency of sampled grasshopper species 
( j) within each watershed (w) and year (y). Interaction weights can 
range from 0 to 100 units of strength.
2.8 | Network analyses
Plant–grasshopper networks built from species composition and 
calculated interaction weights were assembled for each water‐
shed and year (19 years*3 non‐grazed watersheds + 13 years * 3 
grazed watersheds = 96 total networks). Network indices of gen‐
erality, modularity and robustness were calculated for each plant–
grasshopper network using the Bipartite package (Dormann, 
Fründ, Blüthgen, & Gruber, 2009) in program R (version 3.3.0; R 
Development Core Team, 2016). Generality (generality.HL, net‐
worklevel function) measures the weighted mean number of plant 
species per grasshopper species (Bersier, Banasek‐Richter, & 
Cattin, 2002, Tylianakis, Tscharntke, & Lewis, 2007). Modularity 
(modularity, computeModules) measures the weighted degree 
of compartmentalization using Newman (2004)’s algorithm 
(Dormann & Strauß, 2013). Grasshopper robustness to plant spe‐
cies loss (robustness.HL, robustness function) measures the aver‐
age area under the curve of 1,000 simulations of the relationship 
between random removal of plant species (primary extinctions) 
and predicted loss of grasshopper species (secondary extinctions) 
(Burgos et al., 2007; Memmott et al., 2004). Plant–grasshopper 
networks, network metrics and habitat data are archived in the 
Dryad Digital Repository (https://doi.org/10.5061/dryad.s6j1822; 
Welti et al., 2018).
2.9 | Comparison with previous grasshopper 
diet studies
To evaluate the completeness of our diet dataset, we include here a 
comparison with two previous grasshopper diets studies conducted 
at sites in close proximity to our study location. Both of these studies 
(Mulkern et al., 1969 and Campbell, Arnett, Lambley, Jantz, & Knutson, 
1974) collected grasshoppers from a former native pasture managed 
by the Agricultural Experimental Station of Kansas State University, 
within 15 km of KPBS, and identified plant fragments from dissected 
grasshopper guts under a microscope. Using these data, we calculated 
grasshopper diet generality, modularity, grasshopper robustness and 
network connectance to compare with our data. All network metrics 
were calculated using the Bipartite package (Dormann et al. 2009) in 
program R (version 3.3.0; R Development Core Team, 2016).
2.10 | Statistical analyses
Global linear mixed models fit by REML for each of three network 
indices (generality, modularity and robustness) included the fixed 
Interactionweightijwy = (
Sij
Tj
) × Piwy × Gjwy
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predictor variables of grazing (presence or absence), fire frequency 
(1, 4, or 20 year burn intervals), years since last fire, annual cumula‐
tive precipitation, mean annual temperature and the Palmer Drought 
Severity Index. Individual watersheds were included as a random 
variable in models to account for repeated observations (Zuur, Ieno, 
Walker, Saveliev, & Graham, 2009). Linear mixed models were fitted 
using the lme4 package (Bates, Maechler, Bolker, & Walker, 2015), 
and conditional R2 values were calculated following Nakagwa and 
Schielzeth (2013) in program R (version 3.3.0; R Development Core 
Team, 2016). Model residuals were regressed over year to assess 
temporal autocorrelation, and no significant correlations were found 
(Figure S1, Supporting Information). As watersheds included in this 
study are not replicated at the level of combined fire and grazing 
treatments, we are not able to statistically test for fire and grazing 
interactions.
Models predicting plant–grasshopper network structural prop‐
erties using fire and grazing treatments and climate variables were 
compared using Akaike information criteria (AIC) (Burnham & 
Anderson, 2002). Global (models including all predictor variables) 
and all reduced models (all non‐interactive combinations of predic‐
tors) were compared using the dredge function (MuMIn package, 
[Bartoń,	 2016])	 in	 program	R	 (version	 3.3.0,	 R	Development	Core	
Team, 2016). Models were considered competitive and equally 
parsimonious	 when	 they	 had	 a	 ∆AICc < 2 (Burnham & Anderson, 
2002). Relative importance values were calculated as the sum of all 
AIC weights containing a predictor variable (Burnham & Anderson, 
2002). As AIC results can be difficult to visualize, we use regression 
plots to depict changes in network structure.
A partial redundancy analysis (RDA) ordination was used to ex‐
amine how fire and grazing shaped plant and grasshopper commu‐
nities (Borcard, Legendre, & Drapeau, 1992; Legendre & Anderson, 
1999). Additionally, RDAs relating plant and grasshopper community 
composition and modularity, grasshopper generality and robust‐
ness were used to determine whether community composition im‐
pacted plant–grasshopper network structure. RDAs were conducted 
using the vegan package (Oksanen et al., 2015) in R ver. 3.3.3 (R 
Development Core Team, 2016).
3  | RESULTS
Grasshopper gut content analyses revealed 572 individual feed‐
ing interactions between 26 grasshopper species and 66 plant taxa 
(species or genera). The full plant–grasshopper interaction web is 
shown in Figure S2, Supporting Information. Plant–grasshopper 
communities in grazed watersheds had more species and interac‐
tions than those in non‐grazed watersheds (Figure 1), and the pres‐
ence of grazers increased modularity, generality and grasshopper 
robustness (Figure 2; Figure S3, Supporting Information). Bison 
grazing and mean annual temperature are top drivers of plant–grass‐
hopper network structure (Figure 3). Fire frequency and grazer 
treatments had significant effects on plant and grasshopper com‐
munity composition (Figure S4, Supporting Information). Plant and 
grasshopper community composition was significantly correlated 
with plant–grasshopper network structure (Figure S5, Tables S2 and 
S3, Supporting Information).
3.1 | Modularity
Grazer treatment and mean annual temperature had the highest 
relative importance values (Figure 3), and grazer treatment was 
included in the top AICc predicting modularity of plant–grass‐
hopper networks (Table S4, Supporting Information). Modularity 
was higher in watersheds grazed by bison (Figure 2, Panel a and 
d; Figure S3, Panel A, Supporting Information). Within the non‐
grazed watersheds, modularity of plant–grasshopper networks 
was highest in the 20‐year burn frequency (Figure S3, Panel A, 
Supporting Information). Modularity tended to decrease with 
mean annual temperature, but this trend was highly variable and 
not significant (F1,94 = 3.3, R
2 = 0.02, p = 0.07; Figure 2, Panel d). 
Across all watersheds, cumulative annual precipitation did not 
have a significant linear effect on modularity (F1,94 = 0.4, R
2 < 0.01, 
p = 0.51; Figure 2, Panel a).
3.2 | Generality
Bison grazing had the largest effect of grassland drivers on generality 
(Figure 3) where grazing was the only fixed effect appearing in top AICc 
models (Table S4, Supporting Information). While the null model (model 
including only watershed to account for repeated observations) was 
also included in top models, grazer presence increased grasshopper 
diet generality between watersheds (Figure 2, Panels b and e; Figure 
S3, Panel B, Supporting Information). Within grazed watersheds, gen‐
erality was higher and more variable in 4‐year burns (Figure 2, Panels 
b and e). Although present in top models, relationships between gen‐
erality and mean annual temperature (F1,94 = 2.0, R
2 = 0.01, p = 0.16; 
Figure 3, Panel e) or cumulative annual precipitation (F1,94 = 1.3, 
R2 < 0.01, p = 0.25; Figure 3, Panel b) were not significant.
3.3 | Grasshopper robustness
Mean annual temperature was the top driver (Figure 3, Table 
S4, Supporting Information), decreasing grasshopper robustness 
(F1,94 = 22.6, R
2 = 0.19, p < 0.001; Figure 3, Panel f). Additionally, 
grasshopper robustness was higher in grazed watersheds (Figure 2 
Panels c and f; Figure S3, Panel C, Supporting Information). Fire‐fre‐
quency effects were not significant, although watersheds burned 
every 4 years tended to have higher grasshopper robustness 
(Figure 2, Panels c and f). Grasshopper robustness increased with 
cumulative annual precipitation (F1,94 = 15.5, R
2 = 0.13, p < 0.001; 
Figure 3, Panel c). The driest (569 mm cumulative precipitation) and 
hottest (mean 14.9°C) year (2012) had low plant species richness, 
driving climatic relationships and suggesting a threshold for grass‐
hopper robustness. While temperature and precipitation had inverse 
correlations with robustness, these two climate variables were not 
correlated across 1996–2014 (F1,17 = 1.3, R
2 = 0.02, p = 0.27).
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3.4 | Comparison with other plant–grasshopper 
diet studies
Plant–grasshopper networks from previous grasshopper diet studies 
are depicted in Figure S6, Supporting Information (Mulkern et al., 
1969) and Figure S7, Supporting Information (Campbell et al., 1974). 
Compared to our 26 grasshopper and 66 plant species, the Mulkern 
et al. (1969) study included 19 grasshopper and 47 plant species 
and the Campbell et al. (1974) study included 17 grasshopper and 
58 plant species. With the possible exception of lower grasshopper 
F I G U R E  2   Relationships between climate drivers of cumulative annual precipitation (a–c) and mean annual temperature (d–f) and plant–
grasshopper network structures of modularity, generality and robustness to plant species loss
F I G U R E  1   Comparison of representative plant–grasshopper networks from the most recent year of data (2014). The top yellow bars 
represent grasshopper species, and the bottom green bars represent plant species in the network. The blue lines connecting plant and 
grasshopper species represent feeding links, and the thickness of the lines corresponds to the strength of the species’ interaction. Network 
panels are arranged by treatment with row indicating grazing treatment and columns indicating fire return interval. The annually burned and 
not grazed watershed in the top left is dominated by two grasshopper species (Orphulella speciosa and Phoetaliotes nebrascensis) and one 
plant species (Andropogon gerardii), whereas other fire and grazing treatments resulted in more complex grasshopper–plant networks
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generality found in this study, all plant–grasshopper diet studies had 
similar network structure values. The lower grasshopper generality 
in our study likely reflects differences in environments; Mulkern et 
al. (1969) and Campbell et al. (1974) were both performed in solely 
grazed pastures with high stocking densities. Additionally, our study 
includes more grasshopper species, potentially capturing more spe‐
cialist species.
4  | DISCUSSION
While insect communities in particular can be influenced by a suite 
of environmental factors (Andrewartha & Birch, 1954; Farkas & 
Singer, 2013), identifying which factors are most important remains 
a major challenge, and long‐term studies are needed to tease apart 
driver contributions to community composition and dynamics (Jonas 
& Joern, 2007; Lenhart et al., 2015; Olesen, Bascompte, Elberling, 
& Jordano, 2008) and interaction patterns (Thébault & Fontaine, 
2010). Using long‐term plant and grasshopper community datasets, 
we found grazing and mean annual temperature shaped grasshop‐
per–plant network structure. Bison grazing increased modularity 
and generality, whereas mean annual temperature decreased grass‐
hopper robustness.
Grazing impacted the plant and grasshopper communities, in‐
creasing species richness in grazed watersheds and altering commu‐
nity composition. Large ungulates directly modify plant community 
composition and vegetation structure through preferential grazing 
(Hartnett et al., 1996; Jonas & Joern, 2007). While it is counter‐in‐
tuitive that modularity and generality should increase together, this 
grazing response is due to the increase in a large module of gen‐
eralist forb‐feeding grasshoppers. Previous studies documented 
both positive (Joern, 2005; Jonas & Joern, 2007; Zhong et al., 2014) 
and negative (Belovsky, 1984; Branson & Haferkamp, 2014) grazing 
effects on grasshopper communities. Here, bison grazing increased 
plant–grasshopper network structural properties of modularity, gen‐
erality and grasshopper robustness, suggesting grazing increases 
grasshopper community resilience to loss of host plant species.
Changes in fire frequency affected plant and grasshopper com‐
munity composition but did not have significant main effects on 
plant–grasshopper network structure. We do not have replicated 
watersheds at the level of fire and grazing treatments to test for a 
fire‐grazing interaction. However, in grazed watersheds, the highest 
levels of modularity and generality occurred in watersheds burned 
every four years. This intermediate fire frequency combined with 
grazing may therefore optimize plant–grasshopper network struc‐
tural properties.
Climate change predictions for central North American grass‐
lands generally include warmer temperatures and increased pre‐
cipitation variability (Dobrowski et al., 2013; Kunkel et al., 2013). 
Temperature decreased grasshopper robustness to plant species 
loss, likely mediated through shifts in plant community composition. 
The dominant grass species at KPBS, Andropogon gerardii, decreases 
in biomass at soil temperatures >25°C (DeLucia, Heckathorn, & Day, 
1992). Based on previously reported plant community responses 
(Harrison, Gornish, & Copeland, 2015) and our results, increasing 
temperatures decrease plant species richness in this system, mak‐
ing grasshopper communities more susceptible to additional plant 
loss (Schleuning et al., 2016) and decreasing grasshopper diversity 
(Lenhart et al., 2015). High temperatures may also directly reduce 
grasshopper populations if species pass thermal limits; a previous 
temperature manipulation study on KPBS showed grasshopper sur‐
vival in the absence of predators was highest in the lowest tempera‐
ture treatment (Laws & Joern, 2012).
The lack of a significant precipitation or drought response in 
our AICc model could reflect our reduced power to detect climatic 
effects compared to fire and grazing effects, as fire and grazing 
treatments are replicated across watersheds and the treatment dif‐
ferences may become stronger over time. The extreme reduction 
in grasshopper robustness across all watersheds in 2012 suggests 
a potential threshold for climatic drivers of plant–grasshopper net‐
work structure. Capturing changes in years of climatic extremes is an 
advantage of long‐term data collection.
Modularity and generalism of herbivore diet are hypothesized 
to be important structural property stabilizing bipartite plant–her‐
bivore networks (Montoya et al., 2006; Thébault & Fontaine, 2010). 
While few previous studies have compared trophic networks within 
the same system, comparisons across datasets have shown an in‐
crease in generality with species richness across producer–consumer 
network comparisons, whereas the relationship between modular‐
ity and species richness is less clear (Morris, Gripenberg, Lewis, & 
Roslin, 2014; Welti & Joern, 2015). However, while larger ecological 
networks themselves may be more stable, modularity, generality and 
robustness provide predictions for responses to future species loss. 
Here, the more generalist and modular plant–grasshopper networks 
in the grazed and intermediately burned watersheds are predicted to 
be the most resilient to future plant species loss.
F I G U R E  3   Relative importance values, a summed and 
standardized indicator of predictor variable rank across all possible 
models, for grassland driver predictors (grazing = presence/absence 
of bison grazers, fire = historical burn interval, YSB = years since 
last burn, CAP = cumulative annual precipitation, MAT = mean 
annual temperature, PDI = Palmer drought index) of the network 
structural properties of grasshopper robustness, modularity and 
generality	of	grasshopper	diets.	Top	models	with	∆AICc < 2 are 
given in Supporting Information Table S4
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4.1 | Caveats
Our analysis of plant–grasshopper interaction networks was based 
on quantification of grasshopper diets coupled with long‐term plant 
and grasshopper community composition datasets, which provided 
a unique opportunity to evaluate changes in plant–grasshopper in‐
teractions across years. We acknowledge several key assumptions 
of these analyses. While only mean annual temperature, cumulative 
annual precipitation and PDO were examined as explanatory driv‐
ers of plant–grasshopper networks, other measures such as climate 
variability and timing of precipitation are likely important divers of 
plant and grasshopper communities. We quantified grasshopper diet 
composition using grasshoppers collected in 2014 and then extrapo‐
lated results to examine plant–grasshopper networks over multiple 
years. We cannot assess intraspecific diet variation with our dataset 
as we used unique DNA barcodes for each grasshopper species but 
not each grasshopper individual. We assume that diet preferences 
of grasshopper species do not change substantially among years 
and that our constructed annual plant–grasshopper diet matrices, 
based on annual changes in plant species availability and grasshop‐
per species population levels, are a reasonable representation of 
grasshopper diets across years. Moreover, using the number of DNA 
sequences to estimate proportion of diet can lead to potential error 
in bias for or against particular plant species during grasshopper di‐
gestion, DNA extraction, amplification and sequencing (Pompanon 
et al., 2012). However, bias exists in all methods of diet sampling. 
Identification of plant fragments from dissected gut contents is bi‐
ased towards plants with tough cuticles (Leslie, Vavra, Starkey, & 
Slater, 1983), and DNA barcoding has been shown to provide better 
taxonomic resolution (Soininen et al., 2009). The relative number of 
sequences represents our best estimates of proportion of plant spe‐
cies in a diet from this study, and its influence on interaction weight 
is tempered by inclusion of grasshopper species frequency and plant 
species cover in interaction weight calculation.
While we may have missed rare species, we do not expect major 
annual shifts in grasshopper diet in terms of plant species identity 
(Joern, 1979). Grasshopper species included in analyses but under‐
sampled may be misrepresented as more specialist; we opted to 
include them in analyses to include all available information; how‐
ever, as most are rarely collected in long‐term annual monitoring, 
their impact on network structure is minimal. Networks from pre‐
vious studies from a nearby location found similar network struc‐
tures for the full diet matrix (Figure S8, Supporting Information). 
Insect herbivore diets are often conserved (Bernays & Bright, 1993; 
Pérez‐Harguindeguy et al., 2003; Rowell‐Rahier, 1984); thus, we do 
not expect species‐specific diets to shift significantly among years. 
Additionally, grasshoppers are presumed to have similar diets across 
life stages (Cárdenas, Gallardo, Moyano, & Presa, 2017). While in‐
sect herbivores are known to adjust diet selection in response to 
plant species abundances (Bernays & Chapman, 1970; Huang, 
McNeill, & Zhang, 2016; Singer & Stireman, 2001; Ueckert, Hansen, 
& Terwilliger, 1972), we specifically account for variation resulting 
from shifts in plant species abundances and grasshopper species 
abundances, as mean plant cover and grasshopper frequency are 
included in our calculation of interaction weights. Combining these 
datasets allowed us to create a novel dataset of long‐term plant–
grasshopper interactions and thus examine possible major habitat 
and climatic effects on plant–grasshopper interaction structures.
5  | CONCLUSIONS
Ungulate grazing and possibly intermediate fire frequency were 
found to increase the modularity and generality of grasshopper diets 
and increase grasshopper robustness to plant species loss. Grazing 
by cattle, the functional replacement for native bison in the majority 
of the remaining intact grasslands of North America, may maintain 
grasshopper community resilience at moderate stocking densities. 
However, homogenization of rangeland grassland systems through 
annual burning and high stocking densities (Gossner et al., 2016) 
is likely to reduce stabilizing structures of plant–grasshopper net‐
works. Only through long‐term monitoring can we examine antici‐
pated effects of climate trends on ecological communities. Although 
it is difficult to predict community robustness to directional cli‐
matic shifts, our results for plant–grasshopper communities studied 
here predict that anticipated warmer and drier conditions in North 
American grasslands will decrease grasshopper robustness to plant 
species loss, making them more vulnerable to local extinction.
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